We review our recent works on a particular type of metamaterials (MTMs), which are metallic plates drilled with periodic arrays of subwavelength apertures typically in fractal-like complex shapes. We first show that such MTMs can well mimic plasmonic metals in terms of surface plasmon properties, but with plasmon resonances solely dictated by their aperture geometries rather than the constitutional materials. We then develop an effective-medium description for such plasmonic MTMs based on the mode expansion theory. Based on these theoretical understandings, we show that such MTMs exhibit several interesting applications, such as superlensing, hyperlensing, and enhancing light-matter interactions, which are demonstrated by microwave experiments or full-wave simulations.
Introduction
Controlling electromagnetic (EM) waves at will has always been fascinating, but conventional materials exhibit limited abilities in achieving this aim. Metamaterials (MTMs) have recently attracted widespread interest due to their extraordinary physical properties and potential applications. MTMs are artificial EM materials composed of subwavelength local resonant structures of electric and/or magnetic type, and thus, they can possess arbitrary values of permittivity ε and permeability μ dictated by the resonant structures. Many exciting new physical phenomena were predicted or demonstrated with MTMs, such as negative refraction [1, 2] , superlensing [3] , optical magnetism [4] [5] [6] [7] [8] [9] [10] [11] [12] , invisible cloaking [13, 14] , subwavelength cavities [15] , and so on.
Recently, much attention was paid to the plasmonic properties of MTMs, partially related to the discovery of extraordinary optical transmission (EOT) on a Ag film drilled with subwavelength hole array [16] . It was soon understood that the EOT is achieved by exciting the surface plasmon polaritons (SPPs) on the Ag film aided by Bragg scatterings. Subsequently, many SPP-related studies were performed in connection to two important characteristics of SPP, i.e., significantly enlarged parallel wave vector and local field [17] [18] [19] [20] . With these two attractive properties, one naturally expects that SPP can help achieve subwavelength imaging and enhance light-matter interactions (LMI).
However, the plasmon frequency ω p of a natural material is fixed by its electron density, which limits the applications in practice significantly. In 2004, Pendry et al. [18] demonstrated that a metallic plate with periodic square holes can mimic a plasmonic material in terms of SPP properties, with effective ω p dictated by the structure rather than the constitutional materials. This opens up the road to realize engineered SPPs in structured systems at frequencies where natural materials do not support SPP resonances. Unfortunately, to make the idea work, one has to fill the holes with high-index materials [17, 18] , which is not easy to realize in practice, particularly at higher frequencies.
In recent several years, motivated by an early series of studies on MTMs constructed by metallic planar fractals, we proposed a new type of MTMs that can overcome the above-mentioned difficulty. Instead of using hole arrays with simple shapes, here our MTMs are metallic plates drilled with fractal-like hole array. Although such fractal MTMs also exhibit interesting multiband EM responses [21, 22] , here we only focus on the deep-subwavelength characteristics of a fractal pattern. We found that, without using high-index insertions, such fractal-based MTMs exhibit very peculiar SPP properties, making them ideal candidates to realize the SPP-related applications. In this paper, we briefly review our efforts in studying the fundamental physical properties of such MTMs and use them to realize certain applications. In this review, we only present the experimental realizations of the concept in the microwave regime. We note that full-wave simulations revealed that similar ideas can also be realized at high frequencies (i.e., terahertz to near infrared) upon downscaling the fractal size appropriately [23] . This review is organized as follows. We first introduce the basic concept and key properties of our plasmonic MTMs in Section 2. Section 3 is devoted to presenting an effective medium description of our plasmonic MTMs, based on which many interesting properties of the system can be understood in a simple way. We then demonstrate several typical applications of our plasmonic MTMs, mainly along the line of imaging-related applications (e.g., superlensing and hyperlensing effects) in Section 4 and LMI enhancementrelated ones (e.g., slow-wave, perfect absorption, non-linear generation, etc.) in Section 5. We conclude this review in Section 6.
Key properties of the plasmonic MTM
We first discuss the key SPP properties of our designed plasmonic MTMs [23] . Figure 1 illustrate a typical example of our structure -a 0.5-μm-thick silver film caved with four-level fractal slits arranged periodically with a lattice constant a = 1 μm. Taking the dielectric constant of silver as
/f(f+if r ) with f p = 2175 THz and f r = 4.35 THz, we performed extensively finite-difference-time-domain (FDTD) simulations to study the SPP dispersions of the designed structure. The FDTD-calculated SPP dispersion relations are shown in Figure 2A and B. It is clear that two SPP bands exist on such structure surfaces, which bend drastically while approaching two frequencies (f p1 = 41 THz and f p2 = 78.7 THz, denoted by two dashed lines). We can identify the polarization of the SPP bands with the attenuated total reflection technique. With k x fixed as π/a, we shine evanescent waves with different polarizations on the structure, and depicted in Figure 2C , the transmission spectra for Ê||x (red circles) and Ê||y (blue line) polarizations. By comparing panels A and C of Figure 2 , we found that the lower SPP band in Figure 2A is apparently transverse-magnetic (TM)-like, since a TM-polarized evanescent wave can excite this mode but a transverse-electric (TE) one cannot. Similarly, we identified polarizations of all SPP bands and then label them correspondingly on the figure.
Compared with other plasmonic MTMs with simpleshaped apertures, our structure exhibits a crucial advantage -it can support simultaneously TM-and TE-like SPPs related to each resonance. Obviously, a metallic plate with square/circular holes cannot support SPPs without interesting high-index materials, since the shape resonances of such apertures are not enough deep-subwavelength. We also studied a metal plate with narrow rectangular holes [24] . While such structure can support a single TM-like SPP band traveling along the x direction (inset to Figure 2A ), the SPP band for such system along the y direction cannot be formed since the subwavelength condition in this direction is not satisfied [17, 18] . In contrast, our fractal pattern is subwavelength along all directions and possesses multiple resonances, so that for each In addition to the SPP properties discussed above, our MTM also possess very peculiar transmission/reflection properties. We have employed the FDTD method to study the properties of the transfer functions [T TE (k || ), T TM (k || )] for the designed fractal lens. For propagating components (i.e., k || < k 0 ), we found through FDTD simulations that the fractal structure supports high transmissions T(k || )≈1 at the working frequency. More importantly, there is nearly no phase change for the transmitted waves under all incident angles and polarizations, as shown in Figure 4 by open stars. Therefore, information of all propagating components can be well transmitted through the fractal lens, without any distortions. In contrast, when the fractal lens is replaced by air, the phase change of transmitted wave strongly depends on the incidence angle, as shown in Figure 4 by solid circles.
Effective medium description of the plasmonic MTM
To understand the fascinating physical properties of our plasmonic MTMs in a simple way, in this section, we will establish an effective medium description for such systems [25] . Figure 5A shows the generic system that we consider, where the plasmonic MTM occupies a semi-infinite space. For simplicity, here we only consider the microwave frequency domain so that metallic can be treated as a perfect electric conductor (PEC). The aperture can take any symmetrical complex shape as long as the resonance wavelength associated with it is much longer than its own size (i.e., λ  d) and is arranged in a square lattice with periodicity d. We first extend a previously established effective medium theory (EMT) for simple-shaped aperture case resonance, SPP bands along both x and y directions can be formed (see Figure 2 ). Another advantage of our system is that the plasmon frequency is closely related to the fractal geometry but is rather insensitive to the structure thickness. Taking three-and four-level fractals as examples, we depicted in Figure 3 that the plasmon resonance wavelength λ P of the MTM can be efficiently changed by varying the slit line width w and scaling the structure. Therefore, we can, in principle, design a plasmonic MTM at any desired frequency according to realistic application requests. [17] to a general situation. Symmetry argument tells us that the effective permittivity/permeability tensor of the MTM should be 
In what follows, we determined the four unknowns
by requesting that the two systems (e.g., model and the realistic one) exhibit the same optical responses with respect to general excitations (see Figure 5B ), under certain approximations.
Suppose that the realistic system is illuminated by a TE-polarized light with a parallel wave vector 0 ||k
x. The scattering properties of such a system can be solved by the standard mode expansion method [17, 26, 27] . We retain only the fundamental modes in both regions (i.e., the specular reflection in region I and the fundamental waveguide mode inside the aperture) but neglect all the highorder modes. This single-mode approximation is widely used and is physically sound here since we assume λ  d so that all high-order modes are evanescent waves. Under this approximation, we found that the specular reflection coefficient is written as
represents the overlapping between the incident plane wave 
where ε h is the relative permittivity of the medium filling the aperture and ω c is the cutoff frequency of the fundamental waveguide mode, obtainable by numerical simulations for general aperture cases. In principle, S 0 depends on the incident angle. However, such angular dependence is very weak here since the variation of incident field across the aperture area is weak when the aperture is deep-subwavelength in size. Therefore, we adopt the second approximation to neglect such angular dependence and assume that S 0 can be calculated under normal incidence condition. For rectangle-shaped aperture, we get from Eq. (3) that
. In general, complex-shaped apertures, S 0 can be easily calculated by numerical simulations after WG 0,|| E has been solved. We now derive the effective-medium parameters of the structure. Under exactly the same external illumination, we find that the reflection coefficient of the model system (i.e., the anisotropic MTM) is
where
is the z component of the k vector for a TE-polarized wave traveling inside such an anisotropic MTM. Comparing Eqs. (5) and (6) with Eqs. (2)- (4), we get
We can get the values of (7), which justified our TE calculations independently. 
Applications of the MTMs: imaging
After introducing the key properties and the effective medium description of the MTMs, we now demonstrate some typical applications of the systems. As we have discussed in the introduction, we will follow two logical lines to introduce the key applications of the system, namely the imaging-and LIM-enhancement-related applications. This section will focus on the imaging-related applications.
Superlens
As discussed above, our plasmonic MTM can well mimic an ONM at the working frequency. One of the most amazing properties of an ONM is that it can work as a superlens since it can transfer all the wave information across it without any distortions. To demonstrate that our MTM can indeed work as a superlens [23] , we designed a microwave plasmonic MTM with unit-cell shown schematically in the right panel of Figure 7A . We put a dipole antenna on the source plane 1 mm above the lenses and placed a receiver dipole antenna on an image plane 1 mm below the lenses to measure the field distributions of the images. Both antennas are polarized along the y direction, connected to a vector network analyzer, and working at f = 2.52 GHz coinciding with the plasmon frequency of the designed lenses for y polarization. When the source antenna is put at the unit cell center, the images formed by two lenses with thicknesses H = 31.5 mm and H = 63 mm are depicted in Figure 7B and C as open circles, which are in excellent agreement with the corresponding FDTD simulations (solid lines). Both measurements and FDTD results show that the images focused by our lenses are only ∼8 mm wide, which are ∼λ/15 recalling λ = 119 mm. In contrast, the images formed without lenses (solid squares) do not show any subwavelength resolutions at all. In addition, the field strength is enhanced when a lens is added, and the working frequencies for two thickness cases remain at 2.53 GHz.
Radiation cancellation effect
Since the ONM represents an "optically" non-existing space, if we put a source on top of a slab, then the source will behave like that it is virtually placed on the exit plane of the ONM. We can experimentally demonstrate this point Meanwhile, we get additionally from the TM calculations that
Eqs. (7) and (8) are the general EMT description of the plasmonic MTM, valid for any frequency satisfying the subwavelength condition λ  d. There is a particularly important and interesting case when we set the working frequency as the waveguide cutoff (ω = ω c ). In that case, we find that 
If we can design a plasmonic MTM exhibiting |S 0 | 2 →0, Eq. (9) tells us that such a system (at the frequency ω = ω c ) can well mimic a particular transformation-optics (TO) medium -"optic-null medium" (ONM) [25] described by
The ONM, presenting an optically non-existing space and generated by a space stretch operation, exhibits very interesting optical properties. As shown in Figure 6 , the ONM allows prefect transmissions for propagating and evanescent waves with arbitrary polarizations and incident angles without any phase accumulations. We emphasize that an ONM is fundamentally different from ε-near-zero materials [28] [29] [30] and isotropic zero-indexmaterials (ZIM) [31, 32] . Such an amazing property has been realized by our plasmonic MTM at the working frequency (see Figure 4) , which confirms the validity of the EMT description from another viewpoint. GHz. Reproduced from [25] with permission. [25] . As shown in the inset to Figure 8B , suppose we place a dipole antenna (length = 16.5 mm) on top of an ONM slab with thickness h and in turn put on a PEC substrate. Since an ONM represents "optically" nothing, it appears that the dipole antenna is placed directly on top of the PEC. Thus, the dipole antenna cannot radiate, at all due to image cancellation effect, so that its return loss should approach to 1 (i.e., |S 11 | = 1). Varying the thickness h of the HMP slab, we found that the measured |S 11 | (open squares) of the antenna remains essentially at ∼1. FDTD simulations performed on the realistic systems (red line) are in good agreement with the experimental results, which unambiguously demonstrated the "radiation cancellation" effect as predicted. We next performed a series of control experiments by replacing the HMP slabs by air gaps with the same thicknesses. The measured |S 11 | (green triangles) varies continuously from 1 to 0 as h increases from 3 to 30 mm, which is in perfect agreement with FDTD simulations (green line). Such an effect is expected since the cancellation of the dipole with its image is affected by the propagating phase inside the air gap, and thus, the cancellation is good only when h→0.
As a final test, as we removed the PEC substrate, we found that the return loss of the antenna is nearly zero as if the slabs do not exist, again in good agreement with FDTD simulations as well as the expectations based on the ONM.
Hyperlens
The space-stretch operation can be applied not only to a Cartesian coordinate system but also to a cylindrical coordinate system. In the latter case, the resulting TO medium should be a cylindrical version of ONM, with EM parameters given by [33] of 18 mm (∼λ/6) and then measured the field distribution on the image plane (exit surface of the hyperlens). As important references, we first measured the field distributions formed on the image plane when the hyperlens was removed, and we note that the two sources cannot be distinguished on the image planes (solid circles in Figure 10A and C). We next studied the cases when the hyperlens was added. From the measured distributions shown as solid circles in Figure 10A and C, we found that now the two monopoles can be clearly distinguished on the image plane, with measured half maximum width of each peak being roughly 20 mm ∼λ/6. More importantly, now the separation of two peaks is 23 mm, which is enhanced by a factor of ∼1.3 as compared to the original value 18 mm, and the field at the image peak is enhanced significantly (more than 7 times) than that without the hyperlens. All the experiments are consistent with theoretical expectation.
Applications of the MTMs: enhancement of LMI
We now describe another series of applications of our plasmonic MTMs, namely how to use them to enhance LMI.
One of the most amazing applications of the cylindrical ONM is that it can work as a hyperlens, in the sense that it can not only form a subwavelength image but can also magnify the image so that a near-field information can be transferred to the far field. In this subsection, we perform FDTD simulations and microwave experiments to demonstrate this particular application [33] .
The working principle is shown in Figure 9C . To fabricate the cylindrical ONM, we cut a 65-mm-thick plasmonic MTM slab into 18-mm-wide stripes (each containing 7 unit elements) and then arrange them into a cylindrical shape. We put two line sources on the inner surface of a cylindrical-shaped ONM layer and one monopole antenna on the outer surface of our sample to measure the field distribution. The inner and outer radii of the realized sample are 235 and 300 mm, respectively, and samples with other radii can be easily fabricated. Figure 9D depicts the calculated field distribution on the central xy plane of the realistic sample, which is in excellent agreement with the field distribution of the ideal cylindrical ONM ( Figure 9C) .
In our experiments, we used two identical monopole antennas (length = 8 mm) as the source and another identical one as the probe. The two source antennas are fed with equal amplitude signals with a particular phase difference δϕ controlled by a phase shifter. With the working frequency still set at 2.63 GHz, we placed two monopoles on the inner surface of the device, separated by a distance 
Enhancement of the non-linear optical effects
Optical bistability is a non-linear optical phenomenon that has many potential applications in optoelectronics. Conventional optical bistability devices consist of Fabry-Perot (FP) resonators filled with non-linear media [34] [35] [36] . To be able to sustain proper FP modes to provide the necessary feedback mechanism that amplifies the input signal, the optical thicknesses of the resonator must be at least of the order of the operating wavelength or the input signal must be prohibitively strong [37] . Such constraints severely limit the application and the integration of optical bistable devices. Here, we show that such constraint can be relieved with the help of our plasmonic MTMs. In particular, we present a realistic design working at 0.2 THz and show by FDTD simulations that optical bistability can occur in such a device with an excitation power 3500 times lower than the case of using an FP resonator of the same thickness. In addition, the bistability threshold field is essentially independent of film thickness, so that the device can be ultra-thin. Figure 11A shows a unit cell of our device, which is a 60-μm-thick metallic plate (yellow region) perforated with a subwavelegth aperture with a symmetrical and interconnected lateral pattern (blue region). The aperture is embedded with non-linear material with permittivity ε d . Figure 11B shows the FDTD-calculated transmission spectra of the device with varying ε d . Note that the optical properties of the device are polarization-independent as the structure has a fourfold rotational symmetry on the xy plane. Remarkably, we find that the structure exhibits a perfect transmission peak at certain frequency, which is red-shifted when ε d increases. Such a transparency is induced by the excitation of spoof SPs in the subwavelength structured metallic systems [17, [39] [40] [41] [42] . Figure 12 plots the FDTD-calculated bistable hysteresis of devices with varying thickness h and line width w, [43] (circles) and the analytic model calculations using Eqs. (12) and (14) [44, 45] . The obtained results indicate that the bistability can occur for a device with thickness of 60 μm ( Figure 12A ), that is 1/25 of the operating wavelength; also, the bistability threshold field is essentially independent of the film thickness
Slow-wave effect and perfect absorber
In previous parts of this review, we already showed that our plasmonic MTM can significantly enhance the LMI. Such phenomenon can be interpreted from a different viewpoint. In this subsection, we show by both FDTD simulations and experiments that our plasmonic MTMs exhibit intriguing slow-wave properties, namely they can trap light for a long time so as to remarkably enhance the LMI [38, 47] . To make the slow-wave measurements easier to perform, we add a metal plate to the back of our plasmonic system to form a sandwich structure (see Figure 13) . The thicknesses of the MTM layer and the spacer are h 1 and h 2 , respectively. By doing so, our system becomes totally reflective, so that we only need to care about the reflected signal. Figure 14A depicts the measured (symbols) and calculated (line) time delays (ΔT) for microwave pulses with different central frequencies being reflected by our structure. While light pulses are directly reflected by our system at most frequencies, our experiment shows that light could penetrate inside the apertures at 5.5 GHz and stay there for a long time (∼2 ns) before leaving the structure. Recalling that the total thickness of our system is only h = h 1 +h 2 = 4 mm, we found that the "effective" wave speed inside our structure is v g = 2h/ΔT∼c/100 at ∼5.5 GHz, indicating that the system exhibits slow-wave properties near this frequency (i.e., the SPP resonance). Most intriguingly, we found that such slow-wave effect is more significant when h 1 , h 2 →0. In addition, the slow-wave effect is ( Figure 12A and B) but strongly depends on the line width w of the aperture ( Figure 12A and C) .
We developed an analytical model to help understand the physical mechanism. For the structure shown in Figure 11A , one can consider those subwavelength apertures (blue regions) as metallic waveguides supporting a series of eigenmodes. The wave-scattering problems related to such a structure can be rigorously solved within a general mode expansion framework [26] . Under the single-mode approximation, the linear transmittance at normal incidence is given by [46] 
where Y 0 = k 0 /ωμ 0 and
are the admittances of the fundamental modes in the air and in the aperture waveguide, respectively;
with ω c being the cutoff frequency of the waveguide determined by the subwavelength pattern. Meanwhile, we need to know the local field experienced by the Kerr non-linear medium. Noticing that the EM energy is stored only inside the aperture, we can estimate the average local field as
where A u.c. /A hole is the area correction with A u.c. and A hole representing the areas of a unit cell and an aperture, respectively. Therefore, the permittivity of the Kerr medium can be written as
Eqs. (12) and (14) together form a set of coupled nonlinear equations with two unknowns (T and ε d ), which can be solved using the pictorial method developed in [35] . In Figure 12 , we also plot the results according to the analytic model (solid lines), compared with the rigorous FDTD ones. The agreements are in general acceptable.
The model analysis reveals the important role of plasmonic resonances in achieving such extraordinary non-linear optical effect. It is the highly enhanced local field inside the aperture that significantly enhances the LMI so as to strongly reduce the optical bistability threshold. Meanwhile, the SPP exhibits a clear nature of lateral resonance, so that the device's functionality is basically insensitive to the film thickness. Both features are the characteristics of our plasmonic MTMs, which do not belong to a conventional FP system. The metallic material used here is copper, and the spacer is just an air gap. Reproduced from [47] with permission.
robust against the polarization and incident angle of the input beam [47] . It is well known that LMIs will be significantly enhanced inside a slow-wave system. We take light absorption as a further example to illustrate the physics. Inserting low-absorptive FR4-PCB powders (with ε = 1.5+0.03i) into the apertures and replacing the air gap by a 2-mmthick low-absorptive dielectric spacer (with ε = 3.9+0.075i), we performed microwave experiments to measure the absorption spectra of the entire system. Figure 15A shows the absorption spectra, measured with input waves taking TE or TM polarizations at an incident angle θ = 15°. Absorbance is significantly enhanced in a frequency window centered at ∼4 GHz with peak absorption of ∼100%, and the perfect absorption effect is robust against the polarization, incident angle θ, and azimuthal angle ϕ of the inplane E vector (see Figure 15B) . Note that the raw materials only exhibit very weak absorption for EM wave, and such significantly enhanced absorption effect is obviously due to the slow-wave property of the system.
Conclusion
To summarize, we have briefly reviewed our recent works on a particular type of plasmonic MTMs -metallic plates drilled with array of deep subwavelength apertures (usually in complex fractal-like shape). We described the key physical properties (including both SPP and transmission/reflection properties) of such plasmonic MTMs, followed by an EMT description for such systems. We showed that our system at a particular frequency can well mimic the ONM -a TO medium representing optically non-existing space and thus can exhibit many interesting applications. Finally, we summarized our experimental efforts in demonstrating several potential applications of such materials, organized into two main categories, namely the imaging-and LMI enhancement-related ones. We hope that new ideas can be inspired from this review.
